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Heavily doped metal oxide nanocrystals exhibit tunable localized surface plasmon 
resonances in the infrared, a property that is promising for applications in photonics, 
spectroscopy, and photochemistry. Colloidal synthesis – whereby a nanocrystal grows by 
continuously adding monomers in the solution – is a scalable and ubiquitous method for doped 
metal oxide nanocrystal synthesis. Although the plasmonic metal oxide nanocrystals were first 
demonstrated nearly ten years ago, the interplay between localized surface plasmon, dopants and 
surface adsorbates remains elusive. The lack of understanding in this interaction hinders the 
utilization of infrared localized surface plasmon for many applications. 
In this thesis, we use in situ diffuse reflectance infrared Fourier transform spectroscopy to 
identify the previously unknown, yet critical, role of gas-phase redox reaction on plasmonic 
properties in indium tin oxide nanocrystals. We directly observe a dominant influence of oxygen 
and nitrogen annealing which result in a temperature dependent, reversible localized surface 
plasmon energy shift above 1000 cm-1. Both high-resolution electron microscopy images and X-
ray diffraction patterns confirm there is no obvious structural transformations after either oxygen 
or nitrogen annealing that account for observed spectral changes. We quantitatively extract the 
time-resolved LSPR energies at each point the reaction through operando IR measurements. A 
kinetic model, which involves surface reaction and bulk diffusion, allows us to rationalize the 
underlying physicochemical process and quantitatively connect nanocrystal redox chemistry, 
solid-state diffusion, carrier density and the localized surface plasmon resonances. This 
fundamental understanding provides a foundation from which to rationally program nanocrystal 




Next, we expand the colloidal synthesis to group III doped zinc oxides. Using a hot-
injection method, we successfully synthesized aluminum, gallium, and indium doped zinc oxide 
and fully characterize their structural and optical properties with a suit of techniques. Similar 
results in LSPR modulation via chemical redox reactions in doped zinc oxide indicates that 
interstitial oxygen compensation plays a key role in modulating carrier densities for both doped 
indium oxide and zinc oxide. In addition, due to the dopant atom size difference, the doping 
profile of indium-doped zinc oxide is completely different from aluminum and gallium doped 
zinc oxide. The etching experiment demonstrates that a significant amount of indium dopants is 
segregated on the surface which prevents indium-doped zinc oxide nanocrystals from exhibiting 
plasmonic properties. We also show that the quality factor of synthesized aluminum and gallium 
doped zinc oxide, which is 3 times higher than previous reports, is compatible with widely-used 
infrared plasmonic material, indium tin oxide nanocrystals. These materials are cost-effective 
and an earth-abundant substitution for indium tin oxide for infrared plasmonic applications. 
In the third part of the thesis, we specifically use time-dependent infrared spectroscopy to 
quantify the increase in desorption rate and show that the desorption rate of two model molecules, 
indole and benzoic acid, from indium tin oxide nanocrystals is enhanced by as much as 60% 
upon illumination with broadband low-intensity mid-infrared light. For the first time, we show 
that the deep subwavelength confinement of infrared light by plasmonic nanocrystals can 
accelerate a heterogeneous chemical process. While the mechanism of desorption remains to be 
elucidated, our work clearly shows that the in-coupling of low-energy mid-infrared light into 
plasmonic nanostructures can affect chemical processes. This initial work is likely to motivate 




Our experiments identify the key role of dopants and redox reaction on the infrared 
optical properties and show that changes to interstitial oxygen concentration are critical to the 
LSPRs in metal oxide nanocrystals. This work also provides the first demonstration of the 
excitation of low-energy LSPR can affect surface chemistry. The fundamental insights of surface 







INTRODUCTION AND BACKGROUND 
 
Light-matter interactions cover a vast realm of physical phenomena including light 
reflection, refraction, scattering, absorption and emission. As the size of the matter decreases, the 
interactions start deviating from macroscopic materials. The recent advances in nanomaterials 
research has been enabled by advanced synthesis and characterization techniques that allow 
researchers to systematically explore the light-matter interactions in nanoscale. For example, 
quantum dots, which are very small semiconductor particles, have distinct optical properties 
compared to those of larger particles. Their light absorption and emission properties are strongly 
dependent on the particle dimensions and surrounding environment. Other than quantum dots, 
plasmonic materials, represent a new group of nanomaterials, are attracting more attention due to 
its unique light-matter interaction over a wide spectrum range, from ultraviolet to infrared. 
Various researches have been seeking to synthesize these materials and control their optical 
properties. 
 
1.1 Localized surface plasmon resonances  
The history of localized surface plasmon resonances can date back to the 4th century, 
when the Romans created the famous Lycurgus cup. The cup is made of a dichroic glass which 
exhibits different colors depending on the light illumination. It is also one of the earliest known 
object in which the materials derive its properties from embedded plasmonic nanostructures that 
exhibit what we know as localized surface plasmon resonance (LSPR). As shown in Figure 




and dielectrics in response to an external electromagnetic field. LSPRs have two distinct 
characteristics: deep sub-wavelength confinement of light and enhanced local electric field. It 
strongly enhances the absorption and scattering of resonant light by the particles. Due to the 
dislocation of electron cloud in the particle, the excitation of LSPR also produces a large buildup 
of electrical field intensity at the particle’s surface. Similar to that shown in Figure 1.1(b), the 




Figure 1.1. (a). Localized surface plasmon resonance schematic where the free conduction 
electrons of a metal are excited into collective oscillation via coupling of incident light.1  (b). 
Simulated spatial distribution of the LSPR-induced electric field enhancement around a sphere.               
 
In order to better describe the LSPRs in small particles, the Drude-Lorentz model is used 


















where   is the frequency of excitation,  is the high frequency dielectric constant of the 
material,   is the damping factor associated with scattering of free carriers and 
p  is the bulk 









   (1.2) 
where n  is the free carrier density, e  is the unit of elementary charge, em  is the effective mass 
of free carrier and 0  is permittivity of free space. The Drude-Lorentz model can also be 
expressed as a complex function: 
     r ii         (1.3) 























  (1.5) 
For very small particles, the optical response is dominated by the dipole contribution. 
Thus LSPRs are best characterized in terms of the response of a nanoparticle to an external 










  (1.6) 
where R  is the radius of the particle, m is the dielectric constant of the embedded medium and 
 is the shape factor (2 for spheres). The optical resonance will be achieved when the 
polarizability reaches maximum where the denominator of equation (1.6) approaches zero. 
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which can typically be approximated as: 














since   is much smaller than the optical frequencies of interest and can be neglected. The 
equation shows that LSPR frequency is dependent on the carrier density, free carrier effective 
mass, geometry of the particle, as well as the dielectric constant of surrounding environment. 
Equation 1.9 has been effectively used to describe LSPR frequency responses, and will play an 
important role in this thesis. 
 
1.2 Traditional plasmonic materials and its applications 
As LSPR was first discovered in metallic particles, the majority of literature on localized 
surface plasmons focus on noble metals. The most common plasmonic metals namely, gold, 
silver and copper have free electron densities in the range of 1023 cm-3 with corresponding LSPRs 
in the visible. Localized surface plasmon can strongly couple resonant light to the metallic 
nanostructures and have demonstrate its potentials for many sensing and energy applications. 
 
1.2.1 Chemical sensing 
One of the major applications of plasmonics is in chemical sensing. Owing to the 




surface enhanced Raman spectroscopy (SERS). The theoretical SERS EM enhancement factor 
scales as fourth power of field enhancement at the nanoparticle surface.2-3 For a typical metal 
nanoparticle, the field enhancement is approximately increased by a factor of 10, thus, the 
magnitude of the SERS EM enhancement is 104 to 105.4 As a robust and effective analytical 
technique, SERS has been applied to many analytical systems in recent years.5-8 Recent advances 
in nanoparticle device fabrication allow the Raman enhancement up to 1010 which enable of 
probing single molecule on a single nanostrucuter.9-11 
Another fully-fledged chemical sensing technique using LSPR is wavelength-shift LSPR 
sensing. As described in equation (1.9), the resonant frequency 
lsp  is sensitive to the local 
dielectric environment 0 . Thus, changes in the local environment - such as through the presence 
of an adsorbate - should cause a shift in resonant frequency. The optical response enables an 
ultra-fast and real-time detection of surrounding environment which has been demonstrated for a 
number of systems in molecular-adsorption detection12 and biosensing.13-14 Moreover, recent 
work pushes the sensitivity of plasmonic gas sensors to a single-particle level by coupling the 
plasmonic nanostructure with a gold antenna (Figure 1.2 (c) and (d)).15 
 
Figure 1.2 Localized surface plasmon enhanced chemical sensing: (a) Au nanoparticle dimers 
formed using DNA origami substrate, with Raman enhancement up to 1010; (b) SERS spectrum 
of a single Cy3 molecule.11 (c) Hydrogen sensing using a resonant antenna-enhanced scheme; (b) 




Hydrogen absorption on the palladium particle changes its complex dielectric function, which 
causes a resonance shift (   ) of the gold antenna that can be optically detected.15 
 
1.2.2 Catalysis 
It is well known that noble metals can be used as catalysts for a wide range of chemical 
reactions. Conventionally, there are two catalytic mechanisms affect the reaction which are 
thermal-driven and charge-carrier-driven mechanism. The excitation of LSPR in the plasmonic 
metals yield an excited, athermal electron distribution, which can induce photochemical 
reactions either through resonant heating of the nanostructure or by transferring of energetic 
charge-carriers to the surface reactant during the plasmon decay process. In details, the charge-
carrier transfer route can be classified into two categories: indirect hot-electron transfer 
mechanism and direct intramolecular excitation mechanism. As shown in Figure 1.3 (a), in the 
indirect hot-electron transfer mechanism, the surface adsorbates are excited through transferring 
the hot-electrons generated via nonradioactive decay of a localized surface plasmon to lowest 
unoccupied molecular orbital. For the direct charge transfer mechanism, the localized surface 
plasmon directly excites electrons from highest occupied molecular orbital to lowest molecular 





Figure 1.3. Charge-carrier excitation mechanisms for plasmon-induced chemical 
reactions.16 (a) Indirect hot-electron transfer mechanism. (b) Direct charge transfer mechanism.  
 
Although the underlying mechanism of plasmonic photocatalysis is still under debate, a 
number of plasmon enhanced reactions have been demonstrated on metal nanostructures 
including water splitting,17-19 hydrogen dissociation,20 ethylene epoxidation,21-22 and methane 
formation.23 But more recent studies on dye molecules interaction with excited plasmonic metal 
nanostructure using in situ Raman24-25 and scanning tunnelling microscope16 shows more solid 
evidence supporting a direct charge transfer mechanism. As a result, by engineering plasmonic 
nanostructures with resonant wavelengths matching the charge excitation energies of adsorbates, 
plasmonic materials shows the potential capability of selectively activation of targeted chemical 
bonds, ultimately, modifying the reaction pathways. 
 
1.2.3 Photovoltaics 
Photovoltaics, the conversion of sunlight to electricity, is growing rapidly over past 10 





keep up the pace of the demand in the industry, next generation photovoltaics require highly 
efficient conversion of sunlight to electricity while maintaining low costs. However, 
conventional wafer-based crystalline Si solar cells pose a tradeoff between absorption efficiency 
and carrier diffusion lengths. The prior requires higher physical thickness, but the latter benefits 
from a lower thickness. 
Coupling the metal nanostructures, which possess strong light-matter interactions from its 
plasmonic properties, into a photovoltaic device can increase the absorption efficiency, and thus 
reduce the physical thickness of the photovoltaic absorber layers. As shown in Figure 1.4, there 
are three approaches to improve the efficiency.27 First of all, by using metallic nanopartilcles as 
subwavelength scattering elements at the surface of the solar cell, sunlight is preferentially 
scattered and trapped into the semiconductor thin film by multiple and high-angle scattering. 
Second, plasmonic near-field enhancement from metallic nanoparticles can increase 
semiconductors’ effective absorption cross-section, and thus improve the photovoltaic efficiency. 
In the last approach, light can be trapped by the excitation of surface plasmon polariton at the 
metal/semiconductor interface. By engineering the device materials, absorption of the surface 
plasmon polariton in the semiconductor can be stronger than in the metal. As a result, the surface 
plasmon polariton coupling can focus light into semiconductor layer to improve the efficiency. 
 
Figure 1.4. Plasmonic light-trapping geometries for thin-film solar cells.27  (a) Light trapping 
by scattering from metal nanoparticles at the surface of the solar cell. (b) Light trapping by the 




excitation of localized surface plasmons in metal nanoparticles embedded in the semiconductor. 
(c) Light trapping by the excitation of surface plasmon polaritons at the metal/semiconductor 
interface.  
 
1.3 Heavily doped semiconductor materials 
A number of applications such like photothermal therapy,28-29 surface enhanced infrared 
spectroscopy (SEIRS),30 long-wavelength wave guiding31 and surface plasmon polariton assisted 
heat transfer32 require LSPRs to expand to infrared regime. However, the charge carrier 
concentration is intrinsically fixed in the conventional plasmonic metals. The factor that 
plasmonic frequency is predominately governed by charge carrier density N  which is one of the 
main hindering factors metal plasmonic response in the lower energy spectrum. The nature of 
high charge carrier concentration in metals restrict the LSPR to in the visible regime. In addition, 
both real and imaginary part of the dielectric permittivity of gold and silver become extremely 
large which cause the field enhancement vanish. As a result, noble metals is not an ideal material 
for supporting LSPR in the infrared. 
Degenerately doped semiconductors with tunable charge-carrier concentrations (1019 -
1021 cm-3), represent a new group of plasmonic materials that offer an alternative to traditional 
metals across a wide range of optical spectrum from visible to far-infrared. Compared to the 
fixed charge carrier density in metals, the tunable carrier density via chemical doping or post 
synthetic chemical, photochemical and electrochemical reactions provide an extra degree of 
freedom to design the optical properties in these materials. By material type, the doped 




metal nitrides, doped group IV materials and transparent conductive oxides (TCOs), each with 
their own advantages and disadvantages. 
Some binary copper and mercury chalcogenide compounds are intrinsically cation 
vacancy doped semiconductors that support LSPR in near-IR.33-34 Early experimental and 
theoretical studies of these metal chalcogenide nanocrystals provide some crucial fundamental 
insights, like size and dopant profile effect, to plasmonic semiconductors.35-36 However, due to 
its nature of cation vacancy doping mechanism, metal chalcogenides are sensitive to ambient 
oxygen which will destabilize its LSPR properties.37 Metal nitrides sustain remarkably high 
carrier concentration, up to 1022 cm-3 in TiN, which make them a substitution for Au or Ag for 
application concerning LSPR in the visible spectrum.38 Although is reported that the optical 
properties of metal nitride can be adjustable by chemical reactions,39-40 it can hardly lower the 
energy to mid-infrared region. Another group of plasmonic semiconductor materials is doped 
group IV materials. Since group IV materials such as Si and Ge are dominant in the 
semiconductors industry, there are rich literatures regarding to their synthesis, doping and 
surface chemistry. Although, plasmonic Ge nanostructures remain a challenge, many reports 
have demonstrated the tunable LSPR properties in doped Si nanowires41-42 and nanocrystals.43-45 
Due to the fact that intrinsic Si has very low carrier concentration, the substitutional doping, like 
P and B, is required to induce plasmonic properties located in mid-infrared. Since the synthesis 
of heavily doped Si nanostructure depends on gas-phase reaction which are nonthermal plasma 
synthesis44-45 or chemical vapor deposition,41-42 the yield and uniformity are the main limitations 
for plasmonic Si nanostructures.    
 Transparent conductive oxides (TCOs) can be doped much higher than many other 




mid-IR. The list of potential plasmonic TCO materials has expanded to doped molybdenum 
oxide,46 tungsten oxide,47 cadmium oxide,48 indium oxide49-50 and zinc oxide.51-52 Among them, 
tin doped indium oxide (ITO) and aluminum doped zinc oxide (AZO) attract the most attention 
due to its low-toxicity, ease of synthesis,50, 53  and widely tunable LSPR from near- to mid-
infrared (Figure 1.5). More importantly, ITO and AZO possess great chemical stability under 
ambient conditions due to its aliovalent doping and crystal structure.49-50, 53 However, on the 
other hand, oxygen vacancy doped WO3-x and MoO3-x
46-47 are not stable when exposing to the 
oxygen which are similar to metal chalcogenides. Here, understanding the doping mechanism of 
doped metal oxide is crucial to explain the tunability and stability in degenerately doped metal 
oxides.  
 
Figure 1.5. SEM images of TIO nanopartilcles of varying doping concentrations (a) 5.9 ±0.1%, 
(b) 9.1 ±0.1% and (c) 11.5 ±0.1%; (d) LSPR extinction spectra in solvent dispersion supported 








1.4 Doping mechanism 
Doping is the intentional introduction of impurities into an intrinsic semiconductor for the 
purpose of modulating its physical properties. Recently, a number of conductivity, luminescence 
and absorption studies of doped metal oxide, along with the references found in the bulk 
materials, elucidate the underlying doping mechanism. The free charge carrier in these materials 
is generally generated by three sources: defect/vacancy doping, aliovalent substitutional doping 
and extrinsic interstitial doping 
 
1.4.1 Aliovalent substitutional doping 
As a fundamental building block in microelectronic industry, semiconductors are 
commonly doped with aliovalent substantial dopant for tuning their physical properties.  In this 
approach, a lattice atom is substituted with one of higher or lower valence, donating a free 
electron or free hole to the conduction band or conduction band respectively. Aliovalent 
substitutional doping has been widely employed to produce transparent conduction oxides with 
high carrier densities, including ITO,49 AZO54 and etc. Since the conduction band in metal 
oxides is largely derived from the valence orbitals of metal cations, substituting a higher valence 
cation can introduce extra electrons to the conduction band and create n-type semiconductor. For 
example, by substituting In3+ by Sn4+, three electrons of Sn atom form ionic bonds with nearby 
oxygen and one extra electron can be donated to conduction band. However, such free carriers 
can be compensated by other ionic defects in metal oxides including oxygen interstitials through 
following reaction:55 
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iO  is interstitial oxygen. On the other hand, p-type semiconductor can be created by 
substitution of lower valence and compensated by oxygen vacancy. 
 
1.4.2 Vacancy doping 
Anion/cation vacancy doping provides another way to dope the semiconductor material 
without the need for dopants of atoms different from the intrinsic composition. The vacancies 
effectively dope the materials through complete or partial free charge compensation of deficient 
cations or anions. Metal oxide are commonly anion vacancy doped which is realized by oxygen 
vacancies. Oxygen vacancies are doubly charged, allowing up to two free electrons to be donated 
to the conduction band, leading to LSPR in the reduced form of tungsten oxide and molybdenum 
oxide (WO3-x and MoO3-x).
49-50, 53 Cation vacancy doping is commonly seen in metal 
chalcogenide nanocrystals. For example, Cu2-xS are self-doped through the creation of copper 
vacancies and holds LSPR in near-IR.33-34 
 
1.4.3 Extrinsic interstitial doping 
Interstitial doping is rarer than the previous two doping approaches. It is only feasible in 
metal oxides with crystal lattice large enough to accommodate an extrinsic dopant to sit in the 
interstitial sites without inducing a structural phase change. The extra interstitial cations can 
donate their charges into conduction bands. The plasmonic properties in extrinsic interstitial 
doped metal oxide has been shown in tungsten bronze (MxWO3) with alkali cations (Li
+, Na+, 
Cs+, or Rb+) as dopants.56  
 




Owing to the nature of semiconductor materials, LSPRs supported by doped metal oxide 
nanocrystals can be dynamically modulated through tuning their carrier concentration without 
changing morphologies or surroundings. The tunability in both resonant energy and intensity of 
LSPR supported by semiconductor nanocrystals has been demonstrated through various 
approaches including (1) chemical redox reactions, (2) electrochemical charging, and (3) 
photodoping  
 
1.5.1 Chemical redox reactions 
Semiconductor nanocrystals can participate into redox reactions as an oxidant or 
reductant by accepting or donating their conduction or valence band electrons. Early 
demonstrations of this approach mainly focus on defect/vacancy doped plasmonic materials. For 
example, copper sulfide nanocrystals can react with oxidants, I2, to create Cu vacancies which 
increase holes and carrier density.57 As a result, LSPR energy blue-shifts and intensity increases. 
Then, by adding reductant which is sodium biphenyl, it will refill the hole and red-shift the LSPR. 
The chemical redox reaction approach has also been demonstrated in plasmonic metal oxide. 
There is a slightly red-shift on ITO nanocrystals when they are exposed to oxidant cerium nitrite 
and shift back when exposed to reductant sodium ascorbate.58 
 
1.5.2 Electrochemical charging 
In conventional semiconductor device such as capacitors or battery-type cells, an external 
bias will lead to accumulation or depletion of charge carriers at the interface. From band 
structure point of view, the external voltage shifts the Fermi level which change the equilibrium 




carrier density. For plasmonic metal oxide, it is first demonstrated in ITO nanocrystal thin film.59 
The LSPR supported by ITO nanocrystals  shifts to higher energy while applying a negative bias. 
As a following study, Milliron et al. have expanded this approach to ITO nanocrystals in NbOx 
glass composites. By varying the external bias, the composites have the capability of voltage-




The excitation of electrons from valence band to conduction band by illumination has 
been widely studied in photo-catalytic systems after Fujishima and Honda’s finding of photolysis 
of water at semiconductor electrode.61 By promoting electrons in valence band to conduction 
band, we can dynamically tune the electron density, thus the LSPR in semiconductor 
nanocrystals. The first demonstration of photodoping is on ZnO nanocrystals. Upon UV 
illumination, promoted electrons in conduction band are stabilized by using ethanol as a hole 
scavenger.62 This approach has also been applied to aliovalent-doped metal oxide.63 The study 
shows that photodoping can tune the carrier density in both doped and undoped In2O3 
nanocrystals to a similar concentration. 
 
1.6 Interplay between LSPR and surface reactions 
It is worth noting that all the LSPR modulations on doped metal oxide nanocrystals are 
conducted in solution phase such as solvents in chemical redox reactions, electrolytes in 
electrochemical charging and hole scavengers in photodoping. There are situations where 




doping mechanisms in doped metal oxide and its interaction with surface reactions convolutes 
the problem.  
In this thesis, we seek to quantitatively demonstrate the influence of the surface redox 
reaction on LSPRs supported by doped In2O3 and ZnO nanocrystals. Time-resolved 
spectroscopic data coupled with a transient model are used to establish a connection between 
surface redox chemistry, carrier density, and the LSPR of metal oxide nanocrystals. On the other 
hand, the plasmonic effect on surface adsorbates are studied using a molecular desorption system. 
Both studies rely on in situ infrared spectroscopy to probe the LSPR absorptions and surface 
adsorbate change during these reactions. Overall, this thesis seeks to develop a general 
methodology to engineer the optical properties in plasmonic metal oxide nanocrystals and 








Plasmonic metal oxide nanocrystals are synthesized in a standard Schlenk line setup. This 
chapter provides theory and experimental details for synthesizing these nanocrystals using 
colloidal synthesis and characterizations of their structural and optical properties with various 
spectroscopic and microscopic techniques. 
 
2.1 Metal oxide nanocrystal colloidal synthesis 
A typical colloidal synthetic system to prepare colloidal nanocrystals is composed of 
three major components: metal precursors, organic surfactants, and solvents. In some 
circumstances, solvents can serve as surfactants as well. (e.g. oleylamine in ITO nanocrystal 
synthesis) Precursors are generally organometallic compounds or metal salt, which will be 
decomposed into reactive chemical species in atomic or molecular form (monomers) before 
nucleation and growth. For metal oxide nanocrystal formation, the precursors are mainly metal 
carboxylates, which possess of a metallic cation and a long chain carboxylic acid such as oleic 
acid, stearic acid, etc. As the initial step of forming metal oxide nanocrystals, the building block, 
 
n
M OH  monomers, can be formed by aminolysis, alcoholysis or hydrolysis of the precursors 
depending on the lysing agents (Figure 2.1). While these reactions are running at high 
temperatures (~200 °C), the nucleophiles, amines or alcohols, normally possess long 





Figure 2.1. Reaction pathway for metal oxide nanocrystal formation: metal carboxylate 
formation and subsequent lysis with a suitable protic moiety.64 
 
The evolution of monomer concentration in the solution tracks each stage of the 
nanocrystal growth. As shown in Figure 2.2, the growth can be divided into three stages, which 
are monomer generation, nucleation, and nanocrystal growth. In the first stage, as the lysis 
reaction continues, the monomers will keep increasing and finally reach saturation in the solution. 
Due to the presence of energy barriers for nucleation, the monomers do not spontaneously 
nucleate even when the monomer is saturated in the solution. Beyond supersaturation of 
monomer, when the critical concentration of the monomer is achieved, nucleation happens. The 
burst nucleation rapidly consumes the monomers in the solution, and leads to a quick decrease in 
the monomer concentration. Additional nucleation events do not occur since the monomer 
concentration drops below and would hardly accumulate back to the critical concentration as the 
growth step comes in. After nucleation, the nuclei grow by continuously consuming monomers. 
As shown in the plot, the growth stage is accompanied by a continuous drop in monomer 
concentration which reaches the saturation concentration eventually. Surfactants, with long alkyl 





Figure 2.2. LaMer-Dinegar model of colloidal nanocrystal formation. The three stages of 
monomer generation, nucleation, and growth are demarcated in the region below the growth 
curve along with cartoons depicting the progression of the synthesis.64 
 
For practical operation, the colloidal synthesis techniques can be divided into three major 
approaches: (1) heat-up, (2) hot-injection, and (3) continuous injection. The primary difference 
in the nanocrystal formation between these methods lies in the temporal separation of the events 
of nucleation and growth. For the heat-up approach, all the chemicals (precursors, surfactants, 
and solvents) involved in the synthesis are mixed in a single flask and heat up to initiate 
nucleation and subsequent growth. The advantage of this approach is ease of scale-up and a 
higher degree of reproducibility due to the simplicity of the synthesis process. However, it 
suffers from the issue of broad size and shape distribution due to the possibility of overlapping 
between nucleation and growth stage. Hot-injection method can avoid this issue as an 
instantaneous burst nucleation is achieved upon a quick injection. During this short period of 
time, a high degree of supersaturation is induced and creates a single nucleation step. Generally, 




least, the continuous injection method is an intermediate approach combining the advantages and 
disadvantages of previous approaches. One remarkable difference is that continuous injection 
can allow the synthesis of core-shell heterostructure by changing the reactant solution during the 
nanocrystal growth process.65 
 
2.2 Sample preparation 
Both Sn doped In2O3 and Al/Ga/In doped ZnO nanocrystals are synthesized in the 
Schlenk line set up shown in Figure 2.3. The vacuum line is connected to a rotary vane pump 
(Edwards, RV5) and holds a base pressure of 50 mTorr. A thermal couple is inserted into the 
solution to monitor the reaction temperature. ITO nanocrystals are synthesized using heat-up 
approach and AZO/GZO/IZO nanocyrstals are synthesized using hot-injection approach. The 
detailed synthesis procedures are shown below and summarized in Table 2.1 
 
Figure 2.3. (a) Schlenk line setup used to synthesize ITO and doped ZnO nanocrystals in the lab. 
(b) Schematic of glassware setup for nanocrystal synthesis using hot-injection approach. A two-




2.2.1 Tin doped indium oxide (ITO) nanocrystals 
A solution containing 0.5 mmol indium acetylacetonate (In(acac)3), 0.027 mmol tin 
bis(acetylacetonate) dichloride (Sn(acac)2Cl2) in 7g of oleylamine (OA) was mixed in a 50 mL 
two-necked flask and then connected to the Schlenk-line setup. Three times of pumping and 
refilling with N2 are applied subsequently to eliminate oxygen in the system. The reaction is 
carried out at 250 °C for 5 hours with magnetically stirring and nitrogen flowing. A 
thermocouple is inserted into the flask in order to monitor the reaction temperature. The solution 
turned clear as the precursor salts dissolved, and processed to light yellow while temperature 
ramp up to 200 °C. Upon reaching 250 °C, a dark blue-green color was observed and lasted 
during the whole reaction period.  
The resulting reaction mixture is precipitated by adding ethanol (30mL) and centrifuged 
at 3000 rpm for 10 minutes to remove the supernatant. The ITO particles are further cleaned by 
another two cycles of redispersion in hexane, reprecipitation with ethanol and centrifugation. 
During redispersion, 20 μL OA and 40 μL oleic acid (OLAC) are added to further stabilize the 
nanocrystal dispersion. Finally, the ITO nanoparticles are dispersed in a hexane. Different Sn 
doping concentration is achieved by varying the amount of Sn precursor added. All other 
procedures remain the same. Approximately 50 mg of ITO nanoparticles with ~10 nm diameters 
are synthesized in each batch. 
2.2.2 Aluminum, gallium, indium doped zinc oxide (AZO, GZO, IZO) nanocrystals 
In a 20 mL of glass vial, a precursor solution A containing Zinc sterate (Zn(St)2) (1 
mmol), Al(acac)3 (0.1, 0.2, and 0.3 mmol), or Ga(acac)3 (0.1, 0.2, and 0.3 mmol) or In(acac)3 
(0.05, 0.2, and 0.5 mmol) and OA (3 mmol) in 4 ml of 1-octadecene (ODE) is magnetically 




of 1,2 hexadecanediol (HDDIOL) in 11 mL of ODE is magnetically stirred and heated to 140 °C 
for 1 h under N2. Both solutions turn clear during the heating. The precursor solution A is 
injected quickly into solution B using a syringe when the temperature of solution B reaches 
230 °C. The temperature of the reaction mixture drops and then keeps at 210 °C for 5 h for the 
growth of doped ZnO nanocrystals. Upon injection of solution A to solution B, the mixture turns 
into yellow while reaction goes. 
When the reaction mixture is cooled down to room temperature, ethanol is added to the 
reaction mixture to precipitate the nanocrystals out of the solution. The doped ZnO nanocrystals 
were then collected by centrifugation (5000 rpm for 10 min). After two cycles of redispersion in 
hexane (2 mL) and reprecipitation by ethanol, 20-30 mg of precipitate is eventually collected and 
dispersed in 10 mL of hexane. 
 




2.3 Sample characterizations 




Infrared spectra are commonly obtained by passing infrared light through a sample and 
determine what fraction of the incident light is absorbed at a particular energy. As a powerful 
and non-destructive tool, IR spectroscopy is used to characterize localized surface plasmon 
absorptions in plasmonic nanocrystals, as well as surface adsorbates on the nanocrystal surface in 
situ. All the IR spectra are collected by a Fourier transform infrared (FTIR) spectrometer (Bruker, 
Vertex 70) equipped with a narrow-band liquid N2-cooled HgCdTe (MCT) detector. The 
detection infrared light is generated by a broadband Si Globar. Depending on the interested 
spectrum range, a KBr (mid-infrared) or CaF2 (near-infrared) beam splitter is installed for 
Fourier transform operation. 
There are two spectra collection geometries employed in this system: reflection and 
transmission. As shown in Figure 2.4, a diffuse reflectance accessory (Harrick Scientific 
Products, Praying Mantis) is installed in the spectrometer for reflection geometry measurements. 
In the diffuse reflection accessory, the sample (powders or thin film with reflection layer) is 
placed in the reaction chamber which is backed up with a rotary pump (Edwards, RV12). Two 
mirrors in the accessory direct the incident infrared beam onto the sample, and the other two 
guide the reflective beam to the detector. The reaction chamber is composed of two gas inlets, 
one gas outlet, a heating crucible, and a sealing dome. The reaction chamber enables a closed 
system for time- and temperature-dependent IR characterizations of plasmonic nanocrystals. 
Various reaction gases including N2, O2, H2 and H2O can be dosed into the reaction chamber 
through mass flow controllers (MKS Instruments, 1479A) or manually controlled leak valves. 
The top dome of the reaction chamber contains ZnSe (or CaF2) windows to enable infrared light 
input and output. A convection gauge (Duniway Stockroom Corp., CVT-275) is applied to 





Figure 2.4. Schematic diagram of in situ diffuse reflectance infrared spectroscopy setup and gas 
delivery system. 
 
The IR transmission measurements use a transmission film holder (Figure 2.5). Metal 
oxide nanocrystals are spin-cast onto highly IR transparent Si substrate. Then, the transmission 
geometry can collect angle-dependent IR absorption of nanocrystal thin films using blank Si as 
background. 
 




2.3.2 Beer-Lambert Law 
In order to quantitatively study the surface adsorbates using IR spectroscopy, the Beer-
Lambert law which relates the absorption of light to the properties of the material plays the 
essential role. From mathematical point of view, it is the linear relationship between absorbance 
and resonator numbers. Spectrometers usually measure in terms of transmittance (T), which can 






    (2.1) 
where I is the light intensity after it transmitted through the material and I0 is the incident light 
intensity. The Beer’s law relates the transmittance to the arbitrary cross-sectional area (  ), 
optical length (l) and numbers of resonators (N). The attenuation of light through a thin slab of 









    (2.2) 
where dz is the thickness of the slab. Integration on both side: 
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It correlates the absorbance to the number of resonators linearly. 
While there are several assumptions need to be clarify before the validation of 




( ) or the molar absorptivity is constant. Since molar absorptivity is a fundamental constant for 
a pure molecule at a given wavenumber of absorption, which depends on the electronic structure 
of a molecule and how it changes during a vibration, this assumption is generally valid. Second, 
the light path is constant. As our detection geometry is fixed, this assumption is also valid as well. 
At last, the intermolecular interactions which is the peak width need to be consistent so that it 
can contribute to same peak height. By validate the above three assumptions, the Beer-Lambert 
law allows us quantitatively calculate the surface adsorbates using IR peak intensities. 
The validation of Beer-Lambert law in our system is confirmed by the ligand removal 
experiment. The as synthesized plasmonic ITO nanocrystals are capped with hydrocarbon 
ligands to passivate the surface. By annealing at relative low temperature, the ligands desorb 
which cause a dielectric environment change. As a consequence, the LSPR peak shifts. This 
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   (2.6) 
where max is the shift in LSPR peak maximum, m is the bulk refractive-index response of the 
nanoparticles; n is the change in refractive index induced by the adsorbate; N  is the number of 




   
 
   (2.7) 
As shown in Figure 2.6, the integration of C-H stretch has a linear correlation with the LSPR 





 which validates of Beer-Lambert law and confirms that the peak 





Figure 2.6. The validation of Beer-Lambert law: the linear correlation between derivative C-H 





 in ligand removal experiment. 
 
2.3.3 Morphology analysis 
Nanocrystal morphology is characterized with a suite of techniques, including scanning 
electron microscopy (SEM, Zeiss Ultra 60 FE), transmission electron microscopy, Hitachi HD-
2700 and Fecnai F30). For SEM imaging, nanocrystals are spin-cast onto a Si substrate and then 
UV-ozone for 30 minutes to remove hydrocarbon ligands. For nanocrystal film cross-section 
image, cleaned sample is gently cleaved in the center using a diamond scriber and mounted onto 
SEM stubs using carbon tape. For TEM imaging, nanocrystals are drop-cast onto lacey carbon 




The crystal structure of synthesized metal oxide is characterized using X-ray diffraction 
(XRD, Panalytical Empyrean and X’ Pert PRO Alpha-1). The result pattern is compared with 
standard JCPDS database to confirm the crystal structure.  
2.3.4 Elemental analysis 
The nanocrystal composition is characterized using X-ray photoelectron spectroscopy 
(XPS, Thermo K-Alpha) and inductively coupled plasma atomic emission spectrometer (ICP-







REVERSIBLE TUNING OF THE SURFACE PLASMON RESONANCE OF 




In this chapter, we demonstrate a reversible modulation of LSPRs of tin-doped indium 
oxide by gas-phase reaction. Nanocrystal carrier density, and thus spectral response, is adjustable 
via chemical reaction; however, the fundamental processes that govern this behavior are poorly 
understood. Here, we study the time- and temperature-dependence of the LSPRs supported by 
ITO nanocrystals during O2 and N2 annealing with in situ reflectance infrared Fourier transform 
spectroscopy (DRIFTS). We show that LSPRs redshifts upon oxidation in O2 and blueshifts to its 
original position upon reduction in N2. A reaction-diffusion model is developed to understand the 
underlying mechanism and reveals an interplay between surface reaction, oxygen interstitial 
diffusion, and tin-oxygen complex formation determines the dynamics of this process. These 
findings provide a foundation from which to rationally program plasmonic nanocrystal structure 
for a desired spectral response. 
 
3.2 Introduction 
The strong light-matter interactions of LSPRs have attracted attention as a route to 
capture solar radiation,66-69 improve sensitivity of spectroscopy,9, 70-71 and promote chemical 
reactions.20-22, 72-73 Doped metal oxide nanocrystals, due to the ease of tuning carrier density, are 




74-78 Sn-doped indium oxide, also known as ITO, is particularly intriguing due to the simplicity 
of synthesizing nanocrystals,50, 53 its broadly adjustable LSPR,78 and its chemical stability under 
ambient conditions.49-50, 53 The LSPR supported by ITO nanocrystals is controllable by aliovalent 
doping (i.e., changes in Sn concentration) during synthesis, in addition to post-synthetic photo63 
and electrochemical doping.59 While these methods are usually carried out in solution; there are 
situations where nanocrystal powders and gas phase modulation of spectral response are 
desirable. Simple air annealing of ITO nanocrystals causes a substantial redshift of the LSPR in 
ITO nanocrystals.59, 78 However, there is little understanding of the physicochemistry that 
underlies this process. More generally, establishing a connection between the redox chemistry, 
carrier density, and the LSPR of metal oxide nanocrystals, of ITO or other materials, in gas 
phase environments would provide a foundation from which to engineer plasmonic response for 
a host of new applications.  
 The connection between redox chemistry and carrier density is well established in bulk 
and thin film ITO.55, 79-81  In2O3 exhibits a cubic bixbyite structure where one fourth of the lattice 
sites are vacant. For intrinsic In2O3, oxygen vacancies yield a carrier density on the order of 10
19 
cm-3,79, 82 which is insufficient to support a mid-infrared LSPR (>500 cm-1).63 On the other hand, 
aliovalent substitution of In3+ by Sn4+ yields ITO and a concomitant increase in carrier density to 
~1021 cm-3.83 The aliovalent doping of Sn dominates the free carriers as it contributes to two 
orders of magnitude higher of carrier density compared to oxygen vacancies. Oxidation can 
reduce carrier density via the formation of neutral tin-oxygen  "2 In iSn O   complexes, where 
oxygen atoms occupy vacancy sites and trap two free electrons. The concentration of 
 "2 In iSn O   depends on O2 partial pressure and tin content.55 Alternatively, the carrier density of 




Here, we investigate the oxidation and reduction of plasmonic ITO nanocrystals. Time-
resolved extinction spectra are collected with in situ diffuse reflectance infrared Fourier 
transform spectroscopy (DRIFTS) as a function of gaseous species (O2 or N2) and temperature. 
We identify conditions that permit ITO nanocrystal spectral response to be reversibly modulated. 
A reaction-diffusion model, developed to understand the dynamics of this process, supports an 
interplay between surface reaction, oxygen interstitial diffusion, and tin-oxygen complex 
formation. 
 
3.3 Experimental Details 
Dispersions of ITO nanocrystals are synthesized according to a previously reported 
protocol.59 A solution containing 0.5 mmol In(acac)3 (Sigma-Aldrich, 99.99%) and 0.043 mmol 
tin Sn(acac)2Cl2 (Sigma-Aldrich, 98%) in 7g of OA (Sigma-Aldrich, 70%) is mixed in a 50 mL 
two-necked flask and connected to a Schlenk line. The reaction is carried out at 250 °C for 5 
hours under N2 flow. The resulting reaction mixture is precipitated by adding 20 mL ethanol 
followed by centrifugation at 3000 rpm for 10 minutes, after which the supernatant is removed. 
The ITO nanocrystals are cleaned by two cycles of redispersion in hexane (BDH, 98.5%), 
reprecipitation with ethanol, and centrifugation. During redispersion, 20 μL oleylamine and 40 
μL oleic acid (Sigma-Aldrich, 90%) are added to stabilize the nanocrystal dispersion. 
Nanocrystal structure is characterized with a suite of techniques, including X-ray photoelectron 
spectroscopy (XPS, Thermo K-Alpha), X-ray diffraction (XRD, Panalytical Empyrean), and 
(scanning) transmission electron microscopy ((S)TEM, Hitachi HD-2700 and FEI Tecnai F30). 
Nanocrystals are deposited onto lacey carbon grids for TEM measurement. As-synthesized ITO 




morphologies are consistent with literature reports for this synthesis.50, 53 The Sn composition of 
these nanocrystals, as approximately determined via XPS, is 11.5 atom%.  
 
Figure 3.1. (a) Representative secondary electron image of synthesized ITO nanocrystals. Inset: 
High resolution STEM image of an individual ITO nanocrystal along the [0-11] zone axis, (b) 
Schematic illustration of the in situ DRIFTS measurement. 
 
Time-resolved DRIFTS measurements are accomplished in a diffuse reflectance 
accessory (Harrick Scientific Products, Praying Mantis) coupled to a Fourier transform infrared 
spectrometer (Bruker, Vertex 70) equipped with a CaF2 beam splitter and a liquid nitrogen-
cooled HgCdTe detector. The DRIFTS measurement geometry is schematically illustrated in 
Figure 3.1(b). The diffuse reflectance accessory, in addition to mirrors that direct the incident 




chamber with a crucible where the ITO nanocrystals are placed. The top dome of the reaction 
chamber contains ZnSe windows to enable infrared light input and output. The combination of a 
rotary vane pump (Edwards, RV12) and o-ring seals enables reaction chamber base pressure of 5 
mTorr. Prior to each experiment, the crucible is first filled with KBr powder (Sigma-Aldrich, > 
99%), 30 μL of ITO nanocrystal solution is then drop-cast on top, the solvent is allowed to 
evaporate, and the reaction chamber is evacuated. The flow rates of O2 (Airgas, 99.999%) and N2 
(Airgas, 99.999%), which are controlled with mass flow controllers (MKS Instruments, 1479A), 
are 72 sccm for all experiments. Total chamber pressure is 4.5 Torr. Two pre-treatment cycles, 
each consisting of 30 minutes of O2 and 50 minutes of N2 annealing at 300 °C, are conducted to 
remove the surface ligands, as confirmed via DRIFTS (not shown). All DRIFTS spectra are 
collected with unpolarized light and a spectrometer resolution of 4 cm-1. Each spectrum consists 
of 64 scans and fresh KBr powder is used as a reference. Peak positions are extracted using 
GaussianAmp, Origin’s built-in peak analyzing function. 
The simulation and parameter estimation are carried out using gPROMS ModelBuilder 
4.0.0. Discretization is accomplished with the second order orthogonal collocation on finite 
element method (OCFEM), which is known to be effective for problems involving both reaction 
and diffusion.84-85 Acceptable computational time and accuracy are achieved with 2000 nodes. 
The parameter estimation problem is formulated as a nonlinear programming (NLP) problem, 
which is then solved with the sequential quadratic programming (SQP) solver in gPROMS. In 
the SQP technique, the full problem is approximated as a quadratic problem and the solution to 






3.4 Results and Discussion 
As shown in Figure 3.2(a), ITO nanocrystals exhibit a LSPR near 5200 cm-1 (0.65 eV) 
after dispersion, drying, and ligand removal on KBr powder (i.e., t = 0 minutes). The LSPR 
redshifts to approximately 4300 cm-1 (0.53 eV) upon O2 exposure at 300 °C for 30 minutes. We 
note that the original and final LSPR peak position varies by ±50 cm-1 between experiments, an 
effect we attribute to subtle changes in nanocrystal packing when filling the DRIFTS crucible. 
The absorption features between 5000 and 5500 cm-1 as well as below 4000 cm-1 are absorptions 
due to water vapor present in the air outside of the reaction chamber. LSPR peak position 
normalized to its value at t = 0 minutes (i.e., 5200 cm-1) is plotted in Figure 3.2(b) as a function 
of time for oxidation at 250, 300, and 350 °C. For all temperatures, a rapid redshift occurs at 
short times before plateauing at long times. The magnitude of the redshift is proportional to 
oxidation temperature, with 250, 300, 350 °C yielding final LSPRs at ~4500, 4300 and 3900 cm-
1.  
 
Figure 3.2. (a) Absorption spectra as a function of time during O2 annealing at 300 °C; (b) Peak 
position as a function of time for O2 annealing at 250 (black squares), 300 (blue circles), and 350 
(red triangles) °C. Peak positions are normalized relative to the value prior to O2 annealing (i.e., 





An inverse process occurs upon annealing ITO nanocrystals in a N2 environment. Figure 
3.3(a) shows that the LSPR blueshifts back to its original position at 300 °C. Figure 3(b) shows 
that the same behavior occurs for N2 annealing at 350 °C; however, annealing at 250 °C results 
in a far more modest blueshift. The time required for the LSPR to blueshift to its original energy 
is ~50 minutes whereas the time required to fully redshift is only ~30 minutes. Analogously to 
the redshift observed upon O2 annealing, the blueshift seen at 300 and 350 °C initially occurs 
rapidly and then plateaus. Notably, vacuum annealing at 300 °C (not shown) leads to a similar 
blueshift 
 
Figure 3.3. (a) Absorption spectra as a function of time during N2 annealing at 300 °C; (b) Peak 
position as a function of time for N2 annealing at 250 (black squares), 300 (blue circles), and 350 
(red triangles) °C. Peak positions are normalized relative to their value prior to O2 annealing. 
Points are experimental data and lines are model fits. 
 
The data in Figures 3.2 and 3.3, in conjunction with the known defect chemistry of ITO 
thin films,80-81 indicate a mechanism of O2- and N2-induced ITO nanocrystal oxidation and 




Figure 3.4(a) and the XRD patterns in Figure 3.4(b), which do not reveal obvious structural 
transformations after either O2 or N2 annealing that could account for observed spectral changes. 
The nanocrystals remain single-crystalline with clearly observable boundaries, indicating that 
sintering, if any, is minimal.  
 
Figure 3.4. (a) TEM images of as-synthesized, O2-annealed, and N2- annealed ITO nanocrystals. 






The d-spacing, as determined from the selected area electron diffraction (SAED) patterns, 
both before and after annealing are consistent with standard values for ITO as well. (Figure 3.5 
and Table 3.1). 
 
Figure 3.5. SAED patterns of as-synthesized, O2-annealed, and N2-annealed ITO nanocrystals. 
  
Table 3.1. d-spacing of ITO standard (JCPDS card no. 71-2194) as well as as-synthesized, O2-
annealed, and N2-annealed ITO nanocrystals. 
 Standard As-synthesized O2-annealed N2-annealed 
Planes d-space (Å) d-space (Å) d-space (Å) d-space (Å) 
211 4.13 4.12 4.20 4.20 
222 2.92 2.94 2.99 2.94 
400 2.53 2.54 2.59 2.57 
411 2.38 2.18 2.20 2.21 
431 1.98 2.00 2.00 1.99 
521 1.85 1.80 1.84 1.82 
622 1.53 1.53 1.54 1.54 
 
 
We propose an oxidation/reduction mechanism to explain the observed LSPR optical 
response and construct a reaction-diffusion model to quantify it. More specifically, O2 
decomposition on the ITO nanocrystal surface delivers interstitial oxygen atoms that diffuse into 




cause the observed redshift of the LSPR. The observed blueshift results from the reverse of this 
process.
55, 81
 Models that consider only surface reaction or assume rapid oxygen interstitial 
diffusion are insufficient to describe our experimental data. 
Several assumptions are made to simplify our reaction-diffusion model. First, we assume 
that substitutional Sn atoms, not oxygen vacancies, provide the majority of charge carriers in 
heavily-doped ITO.79, 81 Second, as supported by the large formation energy for Sn point 
defects,87 we assume substitutional Sn atoms are fixed in the lattice. Only interstitial oxygen 
atoms can diffuse. Finally, we assume spherical nanocrystals since geometry only modifies 
reaction-diffusion models by a constant of order unity.88  
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    (3.2) 
where "
iO    is the excess interstitial oxygen concentration, is the substitutional tin 
concentration, "2 In iSn O
    is the tin-oxygen complex concentration, Rf and Rr are the forward 
and reverse reaction rates for tin-oxygen complex formation, respectively, is the effective 
diffusion coefficient, and 𝑟 is the distance from the nanocrystal’s center. No diffusion term is 
included for substitutional Sn as it is assumed immobile in the lattice (vide supra). 
The tin-oxygen complex forms via reaction of two substitutional Sn atoms, an interstitial 
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 and R are the initial substitutional Sn concentration and nanocrystal radius, 
respectively. Substituting these quantities into equations (3.5) and (3.6), as well as expanding the 
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The boundary conditions emerge as follows. Oxygen atoms are delivered to and removed 
from the nanocrystal through its outer surface. Thus, the boundary condition at the surface for 
"
iO  and InSn
  are: 
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To determine  "O t   , we assume the simplest absorption model, in which one oxygen molecule 
absorbs on the surface and dissociates into two oxygen atoms on a single surface site: 
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The mass balance for each oxygen species is: 
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Applying the pseudo steady-state approximation on the intermediate, , yields the following 
differential equation for "O :  
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 and expanding the Arrhenius dependence of the 
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and is used in equation (3.15) above. At the center of the nanocrystal, the concentration gradient 














   (3.23) 
We also allow the substitutional Sn composition to be radially-dependent, which has been shown 
for the ITO nanocrystal synthesis method used here.83 A sigmoid function is used to simulate the 
doping profile and we note that poor model fits result in the absence of this dependence. 













   (3.24) 
where N is the charge carrier density, e is the elementary charge, ε0 is the permittivity of free 
space, and mε is the effective mass of an electron. Normalizing the LSPR frequency relative to its 


























  (3.25) 
The total carrier density in the nanocrystal is the sum of substitutional tin atoms: 
21
0
4 InN r drSn
     (3.26) 
Finally, the governing mass balances in equations (3.11) and (3.12) are solved with the boundary 
conditions in equations (3.15), (3.16), (3.22) and (3.23). Values of the model parameters, for 
both the oxidation and reduction steps, are shown in Table 3.2. 
 
Table 3.2. Fitted parameters for the reaction-diffusion model.  
Parameter Oxidation Reduction 
D0 (m
2/s) 105.52 10   107.79 10  
Eadiff (kJ/mol) 103 107 
Eaf (kJ/mol) 53.0 107 
Ear (kJ/mol) 12.0 62.0 
Easf (kJ/mol) 46.0 17.0 
Easr (kJ/mol) 49.0 12.0 
kf  54.41 10  
63.52 10  
kr 31.48 10  
31.56 10  
ksf 55.39 10  
51.28 10  






Our model successfully predicts the LSPR shift under O2 and N2 annealing, as seen in 
Figures 3.2(b) and 3.3(b). The radial concentration of each species as a function of time is shown 
in Figure 3.6 for 300 °C. At t = 0 minutes (i.e., prior to annealing), no excess interstitial oxygen 
is present. Upon introducing O2, excess interstitial oxygen begins to accumulate in the near 
surface region and diffuse into the nanocrystal. Due to the high concentration of substitutional Sn 
near the nanocrystal surface,83 there is a rapid decrease in 
InSn
   and increase in 
"2 In iSn O
    at 
short times. At longer times, 
InSn
    and 
"2 In iSn O
    do not change substantially; however, 
interstitial oxygen continues to diffuse into the nanocrystal. Equilibrium is eventually reached for 
both the surface O2 decomposition and tin-oxygen complex formation reactions, which explains 
the observed plateau of the LSPR peak position in Figures 3.2(b) and 3.3(b). We note that 
InSn
    rises sharply near 0.98r   (Figure 3.6). Assuming a nanocrystal diameter of 10 nm, the 





Figure 3.6. Model prediction of the reduced concentrations of interstitial oxygen, substitutional 
Sn, and the tin-oxygen complex as a function of reduced radius at t = 0, 0.35, 3 and 30 minutes 
during O2 annealing at 300 °C. 
 
The difference between oxidation and reduction times (i.e., 30 vs. 50 minutes) stems 
from oxygen concentration, and thus driving force, differences between the interior and surface 
of the nanocrystal. In the case of O2 annealing, the surface oxygen atom concentration (the 
source) is high relative to the interior (the sink), and remains so for the duration of the process. 
However, for N2 annealing, the delta between the concentration of excess interstitial oxygen in 




as large as for O2 annealing. Moreover, the interstitial oxygen concentration decreases over time, 
which progressively reduces the driving force, during O2 annealing.  
Our experiments show only a modest blueshift upon N2 annealing at 250 °C. Reduced 
reduction capacity has been reported for thin films for annealing temperatures below 300 °C.55 
We attribute this behaviour to the strength of metal oxygen bonds.87 Additional experiments are 
requried to further understand this phenomenon.  
The parameters extracted for nanocrystal oxidation and reduction are consistent (Table 1), 
which would be expected for inverse processes. For example, the activation energy for interstitial 
oxygen diffusion is found to be 102 kJ/mol for nanocrystal oxidation and 106 kJ/mol for 
nanocrystal reduction. The pre-exponential factor for interstitial oxygen diffusion for oxidation 
and reduction are 5.52 x10-10 and 7.79 x10-10 m2/s, respectively. While our results for ITO 
nanocrystals are internally consistent, there are notable differences relative to the values reported 
for thin films. For example, chemical vapor-deposited ITO and (undoped) In2O3 films exhibit 
activation energies for interstitial oxygen diffusion of 144 91 and 166 kJ/mol,92 respectively. The 
pre-exponential factor for interstitial oxygen diffusion in ITO and (undoped) In2O3 thin films are 
8.1 x 10-4 91 and 3.63 x 10-6 m2/s,92 respectively. Importantly, these values are determined with 
electrical measurements using more lightly doped materials and higher temperatures (> 700 °C) 
than the present study. 
 
3.5 Conclusions 
In summary, the LSPR of colloidal ITO nanocrystals can be modified post-synthetically 
by gas-phase annealing in O2 and N2. A reaction-diffusion model is proposed that includes 




reduction (in N2). The agreement between experiment and modelling support a mechanism 
whereby a combination of surface reaction, interstitial oxygen diffusion, and tin-oxygen complex 
formation control the dynamics of the process. This fundamental understanding provides a 
foundation from which to rationally program nanocrystal structure for a desired spectral response. 
A variety of exotic behaviors could be engineered by controlling dopant atom radial position 
during nanocrystal synthesis. For example, step changes to spectral response as a function of 










The synthesis of doped ZnO nanocrystals have been investigated in recent years, but 
there remains a number of unanswered questions regarding their doping profile and infrared 
optical properties. Here, we report a systematic comparison, of group III dopant contribution 
toplasmonic response of ZnO nanocrystals. We show that the quality factor of synthesized Al 
and Ga doped ZnO, which is 4 times higher than previous reports, is comparable to widely-used 
infrared plasmonic material, ITO nanocrystals. We show that Al and Ga occupy the 
nanocrystalcore while In occupies of shell layer, which prevents observation of an LSPR. Similar 
to ITO, we demonstrate that AZO and GZO nanocrystal spectral response can be reversibly 
modulated by O2 and vacuum annealing at a mild temperature due to its defect chemistry. 
 
4.2 Introduction 
Mid-infrared (IR) photons, typically range from 2.5 to 20 μm, have received intense 
attention and are rapidly emerging as powerful tools for various applications, including 
catalysis93-96, spectroscopy30, 97 and energy conversion.98 As it overlaps with the fingerprint 
window, the light-mater interaction in this region is essential for infrared spectroscopy.30, 97  By 
selectively depositing infrared photon energies into vibrational mode of key reagents, many 
studies have demonstrated the capability to modify reaction pathways which opens the window 




photons possessing low energy, as well as absorption cross-section of molecules being small, it is 
still difficult to apply mid-infrared photons in large-scale energy fields. 
Localized surface plasmons resonances – the collective oscillation of charge carriers 
sustained by small particles – have recently gained prominence due to their large absorption 
cross-sections and ability to confine light into deep subwavelength volumes. Conventionally, 
noble metal nanostructures, specifically colloidal gold and silver, have been demonstrated to 
show LSPR in the visible range.89 However, colloidal gold and silver cannot support a LSPR 
within IR ranges because their carrier densities are too large (∼1023 cm−3) and difficult to change 
appreciably. In addition, gold and silver have high losses in the visible and near-IR ranges and 
very large negative real permittivity values.99 As an alternative to gold and silver, the heavily 
doped semiconductors allow for tuning of LSPR in near-IR to mid-IR range by varying the 
doping concentration which can exhibit both a small negative real permittivity and relatively 
small losses in the near-IR.41, 49, 51, 59, 100 Transparent conductive oxides (TCOs) can be doped 
much higher than many other semiconductors (such as silicon) which gives them metal-like 
optical properties in the near and mid-IR. The list of potential plasmonic TCO materials has 
expanded to doped niobium oxide,101 tungsten oxide,47 cadmium oxide,48 indium oxide49-50 and 
zinc oxide.51 Among them, Sn-doped indium oxide (ITO) attracts most attention due to its 
broadly adjustable LSPR, and its chemical stability under ambient conditions. However, limited 
by the cost and natural reserves of indium, researchers show interest in doped zinc oxide (ZnO) 
for large-scale applications. Compared to ITO, ZnO is a nontoxic, inexpensive, earth abundant 
material and it can support LSPR in mid-infrared owing to the increased free carrier 




one of the most attractive and significant plasmonic materials for applications in infrared due to 
its abundance, SPR peaks in the infrared, and remaining transparent in the visible range. 
Preparation of plasmonic nanoparticles with uniformity in composition, size, shape, 
internal structure, and surface chemistry is essential for infrared plasmonic properties. Among 
many reports about preparation of ZnO, colloidal synthesis method with high temperature 
solution phase provides a method of showing an opportunity to control and tune the size, shape, 
doping ratio, and localized surface plasmon resonances.51, 102 The first demonstration of 
plasmonic properties in ZnO is introduced by Al doped ZnO (AZO) synthesized using hot 
injection method. By varying the growth temperature and precursor amount, the LSPR energies 
can be varied between 2000 cm-1 to 3000 cm-1. Following this paper, the synthesis of indium103 
and gallium104-doped ZnO nanocrystals use the same synthesis method. Detailed physical 
properties and morphology are studied for these materials, but no well-defined LSPR properties 
are shown. More recently, a non-injection synthesis of ZnO nanocrystals doped with Al, Ga and 
In has been demonstrated to be amenable to high precursor concentration and high reaction 
yields.52 But due to the large particle distribution of this technique, the quality factor is relatively 
low compared to other doped metal oxide nanocrystals. Thus, a confirmation that if doped ZnO 
can support low-loss LSPR comparable to ITO in infrared is necessary.  
Here, a systematic comparison, of group III dopant effect on the LSPR of ZnO 
nanocrystals film is reported. We synthesize aluminum doped ZnO (AZO), gallium doped ZnO 
(GZO), and indium doped ZnO (IZO) nanocrystals with varying doping concentration and 
investigate the resulting optical properties. Combining the etching and XPS data, the doping 
profile in the nanoparticles are revealed. In addition, we investigate the thermal stability with 




extinction spectra are collected with in situ diffuse reflectance infrared Fourier transform 
spectroscopy (DRIFTS) as a function of gaseous species (O2) and temperature. We identify 
conditions that permit AZO and GZO nanocrystal spectral response to be reversibly modulated 
by gas phase reactions. 
 
4.3 Experimental Details 
All chemicals have been used without further purification. Zinc stearate (Zn(St)2, 65%), 
aluminum acetylacetonate (Al(acac)3, 99%), gallium acetylacetonate (Ga(acac)3, 99.99%), 
indium acetylacetonate (In(acac)3, 99.99%), oleic acid (OA, 90%), and 1-octadecene (ODE, 90%) 
are supplied by Sigma-Aldrich. 1,2-hexadecanediol (HDDIOL, ≥90%) are supplied by Santa 
Cruz Biotechnology. Hexane (98.5%) are purchased from BDH.  
Nanocrystal structure is characterized with a suite of techniques, including X-ray diffraction 
(XRD, X' Pert PRO Alpha-1), transmission electron microscopy ((S)TEM, Hitachi HD-2700), 
and scanning electron microscopy (SEM, Zeiss Ultra 60 FE). Nanoparticles are deposited onto 
carbon grids for TEM measurement. Inductively coupled plasma atomic emission spectrometer 
(ICP-AES, Perkin Elmer Optima 3000 DV) and X-ray photoelectron spectroscopy (XPS, 
Thermo K-Alpha) are used to evaluate dopants contents of the doped ZnO nanocrystals. 
4.3.1 Preparation of doped zinc oxide 
The synthesis of colloidal doped zinc oxide nanocrystals is based on slight modifications 
of previous reports51 and carried out under an N2 atmosphere using standard Schlenk-line 
techniques. Briefly, in a 20 mL of glass vial, a precursor solution A containing Zn(St)2 (1 mmol), 
Al(acac)3 (0.1, 0.2, and 0.3 mmol), or Ga(acac)3 (0.1, 0.2, and 0.3 mmol) or In(acac)3 (0.05, 0.2, 




separate 50 mL of three-neck flask, solution B containing 10 mmol of HDDIOL in 11 mL of 
ODE is magnetically stirred and heated to 140 °C for 1 h under N2. The precursor solution A is 
injected quickly into solution B using a syringe when the temperature of solution B reaches 
230 °C. The reaction mixture is kept at 210 °C for 5 h for the growth of doped ZnO nanocrystals. 
When the reaction mixture is cooled down to room temperature, ethanol is added to the reaction 
mixture to precipitate the nanocrystals out of the solution. The doped ZnO nanocrystals were 
then collected by centrifugation (5000 rpm for 10 min). After two cycles of redispersion in 
hexane (2 mL) and reprecipitation by ethanol, 20-30 mg of precipitate is eventually collected and 
dispersed in 10 mL of hexane. The synthesized particles were then deposited in thin film formed 
by spin-coating on aluminum-silicon wafer and UV ozone. 
4.3.2 Doped ZnO nanocrystal film preparation and IR measurements 
The doped ZnO nanocrystals are spin-coat onto Al coated Si substrate for IR 
measurements. The substrate is prepared by depositing ~100nm Al on the silicon wafers (0.4mm, 
p type B doped, resistivities: 0.1- 0.3 ohm-cm) purchased from MTI using gas sputtering. 30 μL 
of the nanocrystal (AZO, GZO, and IZO)/hexane solution (~ 6 mg/mL) is spin-cast onto the 
substrate (7×7 mm2) with a spin profile consisting of an initial 2000 rpm spin for 30 second and 
a 4000 rpm spin for 20 seconds. After deposition, the surface ligands are removed by UV-ozone 
(Hitachi, ZONETEM) for 30 min. The spin-casting and UV-ozone cleaning are repeated by 
another two cycles, uniform nanocrystal films, with thickness around 80 nm, are successfully 
prepared and then used for IR detection. 
All the IR absorption data are acquired using a diffused reflectance accessory (Harrick 
Scientific Products, Praying Mantis) coupled to a Fourier transform infrared spectrometer 




detector. The reflectance accessory is able to direct the incident infrared beam onto the thin 
nanocrystal film sample and collect the reflected light with the Al film works as the reflective 
mirror on substrate. The time-resolved LSPR shifting is collected with unpolarized light and a 
spectrometer resolution of 4 cm-1. Each spectrum consists of 64 scans and a blank Al coated Si 
substrate is used as a reference. The gas annealing reaction is conducted in the reaction chamber 
backed up by a rotary vane pump (Edwards, RV12) with a base pressure of 5 mTorr. The 
annealing gas is delivered through a mass flow controller (MKS Instruments, 1479A) The flow 
rate of O2 (Airgas, 99.999%) keeps at 45 sccm for all annealing experiments. 
4.3.3 Preparation of etching doped zinc oxide samples 
The etching solution is a 0.5 mM of hydrochloric acid solution (pH=4.5). All the samples 
(AZO, GZO, and IZO) were deposited in thin film formed by spin-coating on silicon wafer with 
UV ozone and immersed in etching solution for 1, 2, 3, and 5 min. The etched sample is rinsed 
with DI water and dried with nitrogen for SEM images and XPS measurements. 
 
4.4 Results and Discussion 
Doped ZnO nanocrystals are synthesized using hot injection method. Solution A 
containing metal precursors, surfactant OA and an activating agent ODE is quickly injected into 
solution B containing reductant HDDIOL and ODE at nucleation temperature. The reaction 
relies on the irreversible alcoholysis induced by nucleophile (e.g. HDDIOL for this reaction), 
which generates metal hydroxide species that ultimately condense to for the oxide at growth 
temperature accompanied by loss of water.52, 64 For the systematic comparison of the doped ZnO 




As shown in Figure 4.1A, SEM images are used to compare Al-, Ga- and In-doped 
nanocrystal morphologies. It shows that AZO nanocrystals (0.3 mmol of Al dopant precursor) 
are larger in diameter which is 24.5 ± 0.7 nm, and more faceted with predominantly spherical 
shapes, compared to the smaller and more spherical GZO (0.3 mmol of Ga dopant precursor) and 
IZO (0.2 mmol of In dopant precursor) with the average sizes of 8.5 ± 0.2 and 10.8 ± 0.3 nm, 
respectively. High resolution TEM (Figure 4.1B) analysis of the three kinds of doped ZnO 
nanocrystals reveal that their lattice fringes match well with the hexagonal wurtzite phase of ZnO 
nanocrystals, which is confirmed by their electron diffractions. 
 
Figure 4.1. (A) SEM images of spin-cast nanocrystal films of GZO, IZO, and AZO. (B) 
HRTEM images of GZO, IZO, and AZO. The lattice fringes correspond to spacings of 2.47 Å 
and 2.81 Å which match well the d spacing of the (101) and (100) planes of wurtzite ZnO. The 




(C) Histograms of size distribution of GZO (red), IZO (blue), and AZO (green) evaluated from 
SEM images. 
 
The possible implications of the dopants on the structure of ZnO nanocrystals are probed 
by X-ray diffraction (XRD). As shown in the Figure 4.2, all the doped ZnO nanocrystals peaks 
centered at 2θ values of 31.9°, 34.6°, 36.4°, 47.8°, 56.7°, 63.1°, 66.6°, 68.2°, 69.3°, 72.8°, and 
77.2°, which are indexed to (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), 
and (202) planes. The XRD pattern shows that all synthesized doped ZnO nanocrystals possess 
the hexagonal wurtzite structure of ZnO phase (JCPDS No. 36-1451). No additional crystalline 
phases are observed regarding to other possible oxide based crystalline impurities, which implies 
that trivalent Al3+, Ga3+, In3+ are properly doped in the ZnO system. The present of dopant atoms 
in ZnO nanocrystals can be confirmed by XPS data. It is worth to note that the XRD peaks of 
GZO and IZO are broadened than AZO which is attributed to the variation in shape or size of 
nanocrystals and the lattice strain. 
 





The rise of the LSPR peak centered at mid-IR (2.5-10 μm) range is clear evidence of the 
free electron from the extrinsic doping.105 Using FTIR spectroscopy, the comparison of the 
LSPR spectra of AZO, GZO, and IZO with different doping concentrations is shown in Figure 
4.3. The mid-IR plasmonic absorption peaks of AZO are measured from 2562 to 3050 cm-1, as 
well as that of GZO from 3120 to 4011 cm-1. In spite of different concentrations of In are 
incorporated into the zinc oxide nanocrystal, the absorbance spectrum of IZO display no obvious 
LSPR absorbance in the IR. 
 
Figure 4.3. Absorption spectra of doped ZnO nanocrystals in the form with different precursor 




In order to understand the absence of LSPR in IZO nanocrystals, XPS scans as function 
of etching time are used to compare the surface elemental composition between IZO and AZO, 
GZO. As shown in Figure 4.4, unlike the AZO and GZO, the intensity of In element decreases 
significantly with increasing etching time. In particular, the intensity of the In is reduced by half 
of the original intensity upon first minute of etching. This result implies that a significant amount 
of In dopants are present on the surface of zinc oxide nanocrystal. On the contrary, the intensity 
of Al and Ga elements slightly increase with the etching time increases (Figure 4.4 A and B). 
The results indicate that the closer is to the core, the higher is the Al and Ga doping 
concentration. The morphology of doped ZnO nanocrystals at each etching stage are confirmed 
by SEM (Figure 4.5). On average, about 1nm of ZnO on the surface is etched after 5 minutes and 
no destructive damage are observed after etching. The etching data implies that there is 
significant amount of In atoms segregate on the surface form an amorphous In2O3 layer which 
does not contribute free electrons to the conduction band of the nanoparticle. As a result, no 
LSPR is observed for IZO nanocrystals with this synthesis condition.  
While the broad ensemble linewidths of doped metal oxide nanocrystals result from 
sample heterogeneity,106 we observe relative narrow plasmon absorption peaks of AZO (Figure 
4.3A) and GZO (Figure 4.3B) thin films. Previous reports on plasmonic ZnO nanocrystals show 
broad LSPR absorptions with quality factors less than 1.51-52, 103-104 Here, we show that Al- and 
Ga-doped ZnO nanocrystals is able to hole well defined LSPR with quality factor higher than 3. 
The previous near-filed measurement suggests that the significant spectral inhomogeneity is 
primarily due to large distribution of dopant incorporation instead of size.106 We hypothesize that 
by removing the capping ligands on the nanocrystals, the electron density distribution of doped 





Figure 4.4. High resolution XPS spectra of Al 2p (A), Ga 3d (B), and In 3d (C) of AZO, GZO, 






Figure 4.5. SEM images of AZO, GZO, and IZO as a function of etching time.  
 
Chemical compositions of the doped ZnO nanocrystals are systematically studied by ICP 
and XPS. ICP measurements (Figure 4.6A) show that the LSPR peak position increases from 
2562 and 3120 cm-1 up to 3056 and 4011 cm-1 with increased dopant concentration. The peak 
positions of both Al- and Ga- doped ZnO nanocrystal show a linear correlation with increasing 
dopant level which indicates the doping mechanism for both dopants are identical. From a 
comparison of the [X(acac)3]/[Zn(st)2] ratios from precursor (0.1, 0.2, and 0.3 for AZO and GZO, 
0.05, 0.2, and 0.5 for IZO) and [X]/[Zn] ratios from ICP (1.8, 2.6, and 3.8 % for AZO, 2.8, 4.7, 




nanocrystals show an approximately linear change with concentration, respectively. We can also 
clearly observe that the incorporation ratio of Ga atoms is highest among all doped zinc oxides 
with the same amount of precursor. It is due to Ga3+ share similar atom size with Zn4+ which 
result least lattice strain. The dopants concentration in the samples measured by ICP is consistent 
with that measured by XPS, which shows that XPS is capable to measure bulk elemental 
composition in the nanoparticles with diameter ~10 to 20 nm (Figure 4.6C). 
 
Figure 4.6. (A) LSPR peak energy of AZO (green), GZO (red), and IZO (blue) as the [X]/[Zn] 
(%) ratios from ICP. (B) [X(acac)3]/[Zn(st)2] ratios from precursor and (C) [X]/[Zn] (%) ratios 




As shown in Figure 4.7 and 4.8, AZO and GZO nanocrystals films exhibit a LSPR near 
3270 and 4782 cm-1 after spin-cast and ligand removal on the Al coated silicon substrate after 
annealing at 250 °C for 30 min (i.e., t=0 min). The LSPR red-shifts to approximately 2984 and 
3424 cm-1 under 15 min O2 annealing at 250 °C. (i.e., t=15 min). An inverse process occurs upon 
annealing AZO and GZO nanocrystals film in a vacuum environment for another 15 min and 
blue shifts back to 3125 and 4270 cm-1 at 250 °C for 15 min (i.e., t=30 min). While the hexagonal 
wurtzite crystal structure does not naturally possess oxygen vacancies, many observations in 
photo-luminescence, electron paramagnetic resonance spectroscopy, and conductivity 
measurements shows the existence of native oxygen vacancies and their modulation by annealing 
in ZnO nanostructures.107-109 We attribute the observed red-shift and blue-shift upon O2 and 
vacuum annealing to reversibly filling the oxygen vacancies in the lattice. The additional 
interstitial oxygen atoms trap the free electrons donated by dopants and cause the observed LSPR 
change. Comparing AZO and GZO at the same temperature, we found that the shifts of GZO are 
significantly stronger than that of AZO which indicates there are more oxygen defects in GZO. 
The experimental results at different temperatures (300 and 350 °C) are also shown in 
Figure 4.7 and 4.8. Before annealing, LSPR peak energies of AZO and GZO located at 3533 and 
4851 cm-1 for 300 °C and 3768 and 4937 cm-1 for 350 °C (t=0 min). The cause of the difference 
in LSPR energies before annealing is due to equilibrium oxygen vacancies differences at 
different temperature.107 The LSPR peak energies of AZO and GZO red-shift to 2762 and 3101 
cm-1 for 300 °C and 2610 and 2586 cm-1 for 350 °C (t=15 min), blue-shift back to 3203 and 4420 
cm-1 for 300 °C and 3408 and 4610 cm-1 for 350 °C (t=30 min). Notice that the higher the 
temperature, the stronger the red-shift of AZO and GZO for O2 annealing, which indicate that 




reported system in ITO nanocrystals.110 LSPR peak position of AZO and GZO are plotted in 
Figure 4.9 as a function of time for O2 and vacuum annealing at 250, 300, and 350 
°C, 
respectively. For all O2 annealing, a red-shift occurs at short times before saturation at long times. 
For vacuum annealing, LSPR blue-shifts back to closed original peak position at 250, 300, and 
350 °C, respectively. The higher the temperature, the faster the red- and blue-shifts. Notably, red-
shift in O2 annealing is faster than blue-shift in vacuum annealing. 
 
 
Figure 4.7 Absorption spectra of AZO as a function of time during O2 and vacuum at 250, 300, 





Figure 4.8 Absorption spectra of GZO as a function of time during O2 and vacuum at 250, 300, 
and 350 °C. 
 
4.5 Conclusions 
In conclusion, we have presented a detailed study of the dopant effect (Al, Ga and In) on 
plasmonic properties of ZnO nanocrystals synthesized by hot injection method. Through the 
controlled doping of Al and Ga, ZnO nanocrystals exhibit a surface plasmon resonances in the 




comparable to widely used ITO and they can serve as a cost-effective substitution for infrared 
applications.  
 
Figure 4.9 Peak position as a function of time for O2 and vacuum at 250
 (black squares), 300 
(red triangles), and 350 (blue stars) °C. 
 
The modulation of LSPR through gas-phase oxidation and reduction provide extra degree 
of freedom to engineer the optical properties in these material as shown in Figure 4.9. However, 




elemental analysis of etched nanocrystals indicates the dopant surface segregation limits the 
generation of free electrons. More controlled synthesis conditions need to be further investigated 






ENHANCED PHOTODESORPTION FROM MID-INFRARED 
PLASMONIC NANOCRYSTAL THIN FILMS 
 
5.1 Overview 
In previous two chapters, we demonstrate the impact of chemical reactions on LSPRs 
supported by ITO, AZO and GZO. In the opposite way, exploring the plasmonic effect on 
surface adsorbates may provide us more insight of the interplay between low-energy localized 
surface plasmons and surface reactions. In this chapter, we show that the desorption rate of two 
model molecules, indole and benzoic acid, from thin films of indium tin oxide (ITO) 
nanocrystals supporting near- and mid-infrared (0.33 – 0.48 eV) localized surface plasmon 
resonances (LSPRs) is enhanced by as much as 60% upon illumination with broadband infrared 
light. The desorption rate increases linearly with light intensity. No increase in desorption rate is 
detected for undoped In2O3 nanocrystal thin films or when photons resonant with the LSPR are 
blocked. We study desorption rate enhancement as a function of illumination intensity, LSPR 
energy, and isotopic substitution. Importantly, we demonstrate accelerated desorption via in-
coupling of light to LSPRs with energies lower than previously reported. Our work opens the 
door to mid-infrared photons as choreographers of chemical processes and sets the stage for 
future mechanistic studies. 
 
5.2 Introduction 
Photons have long been used as reagents in chemical reactions.111-114 Light can improve 




distribution.117 The majority of photochemical transformations utilize ultraviolet, visible, and 
near-infrared photons to electronically excite one or more of the reactants. Mid-infrared photons, 
although much less studied than their ultraviolet, visible, and near-infrared counterparts, are also 
intriguing modifiers of chemical transformations. Mid-infrared photon-driven chemistry has been 
explored in the gas phase96, 118-119 and on surfaces.93-95, 120-123 Early studies of heterogeneous 
processes showed that heating induced by resonant excitation of adsorbate vibrational degrees of 
freedom can induce desorption.120-123 State-resolved experiments demonstrate that vibrational 
mode excitation of impinging molecules can, in some situations, result in athermal surface 
product distributions.94 In either case, the small cross-sections of vibrational modes necessitates 
the use of large photon fluxes that, although suitable for fundamental studies, limits the 
widespread utility of mid-infrared light for controlling chemistry. 
 Localized surface plasmons resonances – the collective oscillation of charge carriers 
sustained by small particles – have recently gained prominence due to their large absorption 
cross-sections and ability to confine light into deep subwavelength volumes. The acceleration of 
several reactions, including water splitting, hydrogen dissociation,20 ethylene epoxidation,21-22 
and methane formation,23 by visible LSPRs has been reported. The catalytic effects of near-
infrared LSPRs are demonstrated recently as well.124-125 Experiments definitively confirm the 
role of the LSPR, but also identify multiple energy transfer mechanisms, including direct 
coupling,24-25 hot electron,20, 126-127 and heating.128-129 Doped semiconductor nanostructures, 
including colloidal metal oxide nanocrystals,130 plasma-synthesized Si nanocrystals,43 and vapor-
liquid-solid (VLS)-grown Si nanowires,41 have recently been shown to support LSPRs in the 




tuned via chemical doping.48, 131 Redox reactions110, 132 or photoexcitation63, 133 also provide a 
route to actively modify the LSPR. 
The ability of mid-infrared LSPRs to modify chemistry, via any mechanism, and whether 
practical utility can be derived from such a process, is an open question. While the limited 
energy of each infrared photon and the associated LSPR indicate that any influence might be 
minor, several other considerations suggest that exciting opportunities do exist. While the energy 
of an individual infrared LSPR is small, hot spots can lead to locally outsized effects.134-135 The 
design of multispectral absorbers would allow for the ‘integration’ of multiple, energetically-
distinct photons.136 In the event of direct infrared LSPR-molecular coupling, as supported by 
recent work,51 the diversity of molecular structures, and thus vibrational fingerprints, provides a 
nearly limitless playground with which to engineer energy transfer. As mid-infrared (i.e., thermal) 
radiation is generated from bodies at temperatures between about 100 and 300 C, broadband 
photon sources are readily available. 
Here, we use infrared spectroscopy to study the influence of near- and mid-infrared 
LSPRs (0.33 – 0.48 eV) on the simplest heterogeneous chemical process: desorption. The 
simplicity of desorption is ideal for initially exploring low energy infrared LSPR-induced 
photochemistry, but it is also relevant to applications such as pressure swing adsorption and 
catalyst regeneration. More specifically, we investigate the desorption of model molecules – 
indole and benzoic acid – from thin films of heavily-doped indium tin oxide (ITO) nanocrystals 
at room temperature. We find that the desorption rate of these molecules upon illumination with 
broadband infrared light increases by as much as 60%. This effect is only observed when 
nanocrystals support a LSPR resonate with the incident photon flux. Studies of desorption rate 




conducted to understand the underlying mechanism. Importantly, we demonstrate enhanced 
desorption for plasmon energies well within the mid-infrared spectral regime. 
5.3 Experimental Details 
Time-dependent infrared spectra of indole and benzoic acid multilayers on ITO or In2O3 
nanocrystal thin films are collected in a transmission geometry, as shown in Figure 5.1. ITO or 
In2O3 nanocrystal thin films are mounted on the transmission film holder (Figure 2.5) and placed 
in the IR sample compartment. Detection light from the spectrometer is incident upon the 
nanocrystal thin film at an angle of 40.  
 
Figure 5.1. (a) Schematic illustration of IR measurement of molecular desorption from mid-




thin film with a 40° angle. The illumination light is perpendicular to the film. (b) Illustration of 
the desorption process on a single ITO nanocrystal. 
 
 ITO and undoped In2O3 nanocrystals with average diameters of ~10 nm are synthesized 
with previously reported colloidal methods.50 ITO nanocrystals contain 13.4 atom% Sn, as 
approximately determined by X-ray photoelectron spectroscopy (not shown). As shown in Figure 
5.2, uniform nnanocrystal thin films, of ITO and In2O3, are deposited via spin-coating. A Si 
wafer (El-Cat, 25 × 5 × 0.5 mm, FZ, 15-30 ohm-cm, double-side polished) is cut into 1.5 cm × 
1.5 cm squares and cleaned via sonication in deionized water, acetone, and hexane for 15 
minutes each. 70 μL ITO/hexane solution (~30 mg/mL) is spin-cast onto the Si substrate in a 
two-step procedure: an initial 1000 rpm spin for 30 seconds followed by a 4000 rpm spin for 20 
seconds. The ITO surface ligands are removed by UV-ozone (Hitachi, ZONETEM) for 30 min. 
The resulting nanocrystal thin films are ~30 nm thick. Indole (C8H7N, Sigma-Aldrich, ≥99%) 
and benzoic acid (C6H5COOH, Sigma-Aldrich, ≥99.5%) are dissolved in methanol (CH3OH, 
BDH, 99.8%) to make 0.1 M solutions. For the indole-d7 (C8D7N, C/D/N Isotopes Inc., 98 atom % 
D) solution, fully deuterated methanol (CD3OD, C/D/N Isotopes Inc., 99 atom % D) is used as a 
solvent to limit isotopic exchange. For each experiment, these solutions are spin-cast onto the 






Figure 5.2. Top-down SEM images of representative (a) ITO and (b) In2O3 nanocrystal thin 
films. Scale bars, 200 nm. Cross-sectional SEM images of representative (c) ITO and (d) In2O3 
nanocrystal thin films. Scale bars, 50 nm. 
 
Spectra are collected at room temperature with a Fourier transform infrared (FTIR) 
spectrometer (Bruker, Vertex 70) equipped with an unpolarized mid-infrared source, a KBr beam 
splitter, and a liquid nitrogen-cooled HgCdTe detector. The spectrometer resolution is 4 cm-1. 
Each spectrum consists of 64 scans and the background is that of the nanocrystal thin film on a 
Si substrate following UV-ozone treatment. Indole and benzoic acid desorption are monitored 
under ‘dark’ and ‘light’ conditions. Under light conditions, the nanocrystal film is illuminated 
with an external, broadband, and unpolarized infrared light source (Thorlabs, SLS203L) at 
normal incidence. The intensity of the external infrared source (Molectron, PM5200) is 




Light intensity at the nanocrystal film surface is controlled by varying the distance of the 
external infrared light source. Any contributions to desorption rate from the spectrometer itself, 
while negligible relative to the external light source, would affect all measurements (i.e., light 
and dark) equally. Measurements are completed with a long wavelength pass filter (Spectrogon, 
LP-2000) that blocks photons from the external infrared source above 5000 cm-1 (Figure 5.3). A 
short wavelength pass filter (Spectrogon, SP-2010), which is used instead of the LP-2000 filter 
where noted, blocks photons with energies less than 5000 cm-1 (Figure 5.3).  
 
Figure 5.3. Emission spectra of short wavelength pass filter SP-2010 (blue), long wavelength 
pass filter LP-2000 (green), and the external IR light source (SLS203L) without a filter. 
As shown in Figure 5.4, desorption rate is quantitatively determined by monitoring the 
(loss of) integrated intensity of υ(N−H) (~3400 cm-1) and υ(C=O) (~1690 cm-1) stretching modes 
for indole and benzoic acid, respectively. Data points, including averages and error bars, are 





Figure 5.4. Time-dependent in situ IR spectra of the (a) (N–H) stretching region during indole 
desorption and (b) (C=O) stretching region during benzoic acid desorption from an ITO 
nanocrystal thin film. 
 
5.4 Results and Discussion 
Figure 5.5 shows the infrared extinction spectra of ITO and In2O3 nanocrystal thin films 
following UV-ozone cleaning. A strong LSPR, consistent with the literature,59 is observed only 
for the ITO nanocrystal thin film at ~4000 cm-1. Undoped In2O3 nanocrystals are an excellent 
control because they do not support an LSPR, but exhibit nanocrystal and film morphologies 
similar to ITO. Spectral features associated with nanocrystal ligands (e.g., υ(C−H)) are not 





Figure 5.5. Extinction spectra of ITO and In2O3 nanocrystal thin films on Si substrates. 
 
Dark and light integrated peak intensities (normalized to the initial intensity) as a 
function of time for indole and benzoic acid desorption are shown in Figures 5.6(a) and 2(b), 
respectively. For all situations, the quantity of adsorbed indole and benzoic acid decreases 
linearly with time, and is consistent with the zeroth-order sublimation of molecular 
multilayers.137 The desorption rate of both molecules from In2O3 nanocrystals is 
indistinguishable in the dark and light. For ITO nanocrystal films, however, illumination with 
infrared light leads to a clear increase in desorption rate for both molecules. At this light intensity 
(185 mW/cm2), the desorption rate enhancements for indole and benzoic acid on ITO 
nanocrystals are 60  2 % and 49  6 %, respectively. We attribute the enhancement difference 
to each molecule’s volatility. The sublimation energy of indole (ΔsubH°indole = 77.6 kJ/mol
138) is 
lower than benzoic acid (ΔsubH°benzoic acid = 93.3 kJ/mol
139), which supports indole’s larger 
increase in desorption rate. Importantly, no rate enhancement is found when photons with 





Figure 5.6. Integrated intensity of (a) indole υ(N-H) and (b) benzoic acid υ(C=O) stretching 
peaks as a function of time during desorption from ITO w/ long wavelength pass filter (red) and 
w/ short wavelength filter (magenta); In2O3 (blue) nanocrystal thin films at room temperature.  
 
Desorption rate increases as a function of external infrared light intensity as displayed in 
Figures 5.7(a) and (b) for indole and benzoic acid, respectively.  
 
Figure 5.7. Integrated intensity of the (a) (N-H) stretching peak of indole and (b) (C=O) 





respectively, from an ITO nanocrystal thin film under dark conditions (purple) and light 
illumination at 52 (pink), 123 (orange), and 185 (red) mW/cm2. 
 
Figure 5.8 shows a linear dependence of desorption rate as a function of light intensity for 
both molecules. These data collectively indicate that the LSPR is playing a central role in the 
enhanced desorption rate and that the desorption rate enhancement is due to a single-photon 
process, as reported for ultraviolet/visible LSPRs.20, 22  
 
     
Figure 5.8. Indole and benzoic acid desorption rate ratio as a function of illumination power. 
 
We next study desorption rate as a function of LSPR energy and isotopic substitution. As 
shown in Figure 5.9(a), the LSPR is redshifted from 4200 to 2600 cm-1 by air annealing at 
200 °C using our previously reported procedure.110 This treatment reduces the free carrier density 
of the ITO nanocrystals, but leaves the nanocrystal and film morphology nominally 




our measurements, the same at both LSPR energies. However, we emphasize that 2600 cm-1 is 
well within the mid-infrared, but these LSPRs can still accelerate desorption rate.
 
Figure 5.9. (a) Extinction spectra of ITO nanocrystal thin films as prepared (0.48 eV) or 
following air annealing at 200 °C (0.33 eV). (b) Integrated intensity of the (N-H) stretching 
peak of indole as a function of time during indole desorption from a ITO nanocrystal thin film 
with a LSPR centered at 0.33 (orange) and 0.48 eV (green) under dark (squares) and light 
(circles) conditions. 
 
Figure 5.10(a) shows the extinction spectrum of indole and indole-d7 adsorbed on ITO 
nanocrystal thin films. The main spectral differences are the (N–H) and (N–D) peaks at 3402 
cm-1 and 2520 cm-1, respectively. We attribute the broad peak near 3800 cm-1 to changes in the 
dielectric environment surrounding the nanocrystals upon adsorption of the molecular multilayer. 
Figure 5.10(b) compares the desorption rate enhancement for indole and indole-d7 from an ITO 
nanocrystal film with an LSPR centered at 4200 cm-1. While this energy is strongly resonate with 






Figure 5.10. (a) Extinction spectra of indole and indole-d7 multilayers adsorbed on an ITO 
nanocrystal thin film. (b) Integrated intensity of the (N-H) stretching peak of indole (magenta) 
and (N-D) stretching peak of indole-d7 (cyan) as a function of time during indole and indole-d7 
desorption from a ITO nanocrystal thin film with a LSPR centered at 0.48 eV under dark 
(squares) and light (circles) conditions.  
 
Our experiments show that low energy infrared LSPRs can accelerate the desorption rate. 
The lack of a LSPR energy or isotope dependence argue against an athermal mechanism. If the 
process is predominantly thermal in nature, a kinetic model of zeroth-order desorption,120 which 
is consistent with the observed desorption rate (Figure 5.6), allows the average temperature rise 






      (5.1) 
where NA is the number of molecules on the nanocrystal surface, k is the Arrhenius rate constant, 





0A AN kt N     (5.2) 
The rate constant is the slope of the curve in any integrated intensity vs. time plot (e.g., Figure 
5.6(a)). The ratio of the rate constants for desorption in the light and dark, including the 














   (5.3) 
We assume the activation energy for desorption is equal to the heat of sublimation (vide supra) 
for each molecule and Tdark = 298.5 K. A thermally-driven desorption mechanism at the observed 
rate requires an average temperature rise of 4.6 and 3.2 K for indole and benzoic acid, 
respectively.  
The maximum temperature rise following LSPR excitation can be derived from the 
energy balance. For a single spherical particle with diameter R, the heat in equals the heat out 





   (5.4) 
where rq is the total energy in, k is the surrounding thermal conductivity, A is the area. 
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 (5.6) 
Assuming the thermal conductivity inside of the particle is much higher than the surrounding 
(which is beacon molecules or air),  the temperature is uniform inside of the particle:  
 maxT T r R    (5.7) 
Relative to the environmental temperature where r   , the maximum temperature on the 










We can also calculate analytically the heat generation Q, with the assumption that the 


















where 0E is the amplitude of the incident radiation, NP  and 0  are the dielectric constants of the 
nanocrystals and surrounding medium, respectively. 
rq Q V   (5.10) 




















  (5.12) 
where c  is the speed of light. Substitute equation 5.9, 5.10 and 5.12 into equation 5.8, we get the 
























The maximum temperature rise, according to this model, should be no more than 10-6 K for our 
mid-IR LSPRs, which is many orders of magnitude below what is required to achieve the 
desorption rate observed here. Multiple mechanisms may account for this discrepancy, including 
near-field interactions and ensemble effects. Plasmonic hot spots can yield local thermal 
enhancements as large a several hundred degrees of ambient for visible LSPRs.141-143 It has also 
been reported that the temperature rise in nanocrystal ensembles depends linearly on cluster 
size.134-135 While the energy accumulated within a nanocrystal thin film may be substantial, we 
note that linear scaling on cluster size cannot continue ad infinitum.  
We note that the observed linear dependence of external light intensity on desorption rate 
is, in fact, consistent with an athermal mechanism. The further investigation of athermal 
mechanisms is supported by recent demonstrations that visible LSPRs are able to directly 
transfer energy to nearby reacting molecules16 and that infrared LSPRs can couple to adsorbed 
ligands.144 Future studies will be facilitated by improved nanocrystal properties (e.g., 
monodisperse morphologies and sizes,145 narrower bandwidths105) as well as better controlled 
reactive environments (e.g., monolayers rather than multilayers).  
 
5.5 Conclusions 
Our work demonstrates that heavily-doped ITO nanocrystals supporting low energy 
infrared LSPRs enhance the rate of molecular desorption when illuminated. Relative to past 
studies of mid-infrared light-induced desorption on non-plasmonic surfaces,120-122 the strong in-




delivery. Our experiments make clear that LSPRs well within the mid-infrared can affect 
chemistry and we anticipate new opportunities will emerge as the underlying mechanisms 






CONCLUSION AND PERSPECTIVE 
 
6.1 Impacts 
Throughout this thesis, we have presented the interplay between low energy LSPRs and 
surface adsorbates on doped metal oxides, which have been previously underestimated due to its 
low energy. In chapter 3, we have introduced a brand new gas-phase annealing method for 
dynamical LSPR modulation. Using ITO as a model, the underlying physicochemical processes 
which involve a nanocrystal redox reaction, solid-state diffusion, carrier density modulation are 
systematically studied using a reaction-diffusion model. The key advantages of this method is 
that it provides a more precise engineering of the optical properties through controlling the time 
and temperature of reaction. More importantly, the LSPR energy remains unchanged post 
annealing, and stable for months in atmosphere (Figure 6.1).  
 
 




In parallel, our research on doped ZnO nanocrystals yielded similar results in LSPR 
modulation via chemical redox reactions. In both cases, interstitial oxygen compensation plays 
the key role in the modulation which indicate this method can be universally applied to 
plasmonic metal oxide with a similar doping mechanism. In Chapter 4, we also systematically 
studied the synthesis of Al-, Ga- and In-doped ZnO nanocrystals by the hot-injection method. 
We demonstrated that the synthesized AZO and GZO possesses mid-infrared LSPR peaks with a 
quality factor comparable to ITO which make them a cost-effective and earth-abundant 
substitution of ITO.  In addition, due to the dopant atom size difference, the doping profile of 
IZO is completely different from AZO and GZO. The etching experiment shows that a 
significant amount of In dopants are segregated on the surface which prevent IZO nanocrystals 
from exhibiting plasmonic properties.  
In chapter 5, we show for the first time, that the deep subwavelength confinement of low 
energy infrared light (4200 to 2600 cm-1) by plasmonic nanocrystals can accelerate 
aheterogeneous chemical process. We specifically use time-dependent infrared spectroscopy to 
quantify the increase in desorption rate for two model molecules upon mid-infrared light 
illumination of indium tin oxide (ITO) nanocrystal thin films. Whereas the majority of plasmonic 
literature focuses on ultraviolet/visible plasmons, we demonstrate that low energy plasmons also 
have the potential to manipulate chemical processes. This initial work is likely to motivate 
further studies of low energy plasmon-molecule coupling on the nanomaterial surface 
Overall, the major contributions of the surface chemical studies on plasmonic metal 
oxides are as follows. First, colloidal synthesized metal oxide nanocrystals exhibiting near- to 
mid- infrared LSPRs are compelling materials for applications of plasmonics. The dynamic 




these materials. Second, this work brings attention to low-energy LSPRs and their coupling with 




6.1.1 Mechanism study for LSPR enhanced reaction 
The observed molecular desorption enhancement makes it clear that LSPRs well outside 
of the ultraviolet/visible can also affect chemistry. We anticipate new opportunities, like local 
energy delivery or bond-selective chemistry, will emerge as underlying mechanisms of this 
nature become better understood and controlled. Although molecular desorption is a great 
starting point because it only involves one energy barrier, some of the parameters are difficult to 
control using this setup. For example, we can hardly quantify the beacon molecule deposited on 
the film which results in multilayer desorption. In addition, since the whole process runs in an 
ambient environment, we cannot vary temperature and pressure to evaluate their impact. A new 
reaction system is needed for further mechanism study. The trimethylaluminum (TMA) reaction 
with surface hydroxyl groups is recommended for this study. Being the major reaction for Al2O3 
atomic layer deposition (ALD), it is well-studied on various surfaces.146-150 More importantly, 
the deposition has been applied to colloidal synthesized ITO nanocrystals successfully.151 Initial 
results were collected in the DRIFTS reaction cell in the lab. The reaction is carried out on a 
spin-cast ITO nanocrystal film with deposition conditions shown in Figure 6.2 (a). Similar to 
annealing experiments, the precursors are delivered through a MFC or manually-controlled valve. 
After each pulse, an IR spectrum is collected to quantitatively trace the reaction process. 




quantify the surface coverage. However, the reaction is carried out too fast even we are running 
this reaction at room temperature (Figure 6.2 (b)). In addition, the pumping speed of the rotary 
pump is not high enough to eliminate signatures of physisorbed water. For further study, I would 
suggest this reaction be carried out in the ultra-high vacuum chamber coupling with sub-mTorr 
dosing which alleviate the issues encountered in the DRIFTS reaction cell. By controlling 
whether particles are on resonance or off-resonance with the reactant molecular vibrations, it is 
possible to elucidate the athermal component in the surface chemistry enhancing mechanism. 
 
Figure 6.2. (a) Reaction conditions for TMA pulse experiment. The carrier gas N2 flows 




each pulse, 5 minutes’ purging allow all the TMA gas to be pumped out. Characteristic IR peak 
of C-H stretches after each pulse under dark environment. 
 
6.1.2 Core-shell structure 
It would be beneficial to couple more light into a single nanocrystal for local energy 
delivery applications. Theoretical calculations have demonstrated hundreds of degrees 
temperature increase upon excitation in a multi-shell nanoparticle.152 A multilayer nanoparticle 
with each layer exhibiting different LSPR energies may amplify this temperature rise by many 
folds. There have been many demonstrations of colloidal synthesized core-shell nanostructures in 
noble metals153-154 and metal oxides.155 A multi-stage injection method to supply different 
precursors along nanocrystal growth may provide a possible route to synthesize these materials. 
Consequently, new nanocrystal-based growth chemistries with additional plasmonic layers will 
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